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To identify the SV40 regulatory sequences responsible for the chromatin remodeling associated with early transcription,
SV40 chromosomes containing potential remodeling sequences inserted adjacent to a reporter region were isolated at
various times within the first 6 h of infection and analyzed by a combination of restriction endonuclease digestion and
competitive PCR amplification. The sequences analyzed included the early domain, the enhancer, the late domain, the early
phasing element, the AP-1 element, two tandem copies of the SP1 element, and the AP-4 element. From 30 min to 3 h
postinfection only the enhancer, the AP-1 element, and the two tandem copies of the SP1 element caused a change in
nuclease sensitivity consistent with chromatin remodeling. These results suggest that the changes in chromatin structure
seen in the promoter during activation of early transcription are most likely a result of remodeling by the AP-1 and/or SP1.nucleoINTRODUCTION
One consequence of the organization of eukaryotic
genes into chromatin is the requirement for chromatin
remodeling when a quiescent gene becomes transcrip-
tionally active. Typically during transcriptional activation
there are changes in the positioning of nucleosomes
within the promoter region of the target gene which
generate a so-called nucleosome-free region (NFR) (El-
gin, 1990; Gregory and Horz, 1998a, b; Gross and Gar-
rard, 1988; Hayes and Wolffe, 1992; Kornberg and Lorch,
1992; Wolffe, 1994a, b; Workman and Buchman, 1993)
and changes in the extent of histone modification, par-
ticularly by acetylation within the nucleosomes of the
gene (Pazin and Kadonaga, 1997a; Turner, 1991; Turner
and O’Neill, 1995; Wade et al., 1997; Wolffe and Pruss,
1996).
Like their cellular counterparts, viral genes which are
organized into chromatin would be expected to undergo
structural remodeling during the course of the infection
of a cell by the virus. In particular, one might expect
remodeling to occur during the early stages of an infec-
tion when the viral genome begins to express the pro-
teins necessary for initiating the infection and at late
stages in the infection when the proteins required for
encapsidation are expressed.
For a number of years it has been known that SV40
DNA is organized into typical eukaryotic chromatin
1© 2002 Elsevier Science (USA)
All rights reserved.within the viral particle as well as within the nucleus of
an infected cell (Coca-Prados and Hsu, 1979; Griffith and
Christiansen, 1977; Muller et al., 1978). Moreover, a sig-
nificant fraction of intracellular SV40 chromosomes has
been shown to posses a NFR characteristic of transcrip-
tionally active chromatin (Jakobovits et al., 1980; Sara-
gosti et al., 1980, 1982; Scott et al., 1984; Scott and
Wigmore, 1978; Varshavsky et al., 1978). The DNA se-
quences responsible for the formation of the NFR have
previously been shown to reside within the SV40 pro-
moter (Gerard et al., 1982; Innis and Scott, 1984; Jakobo-
vits et al., 1980; Jongstra et al., 1984; Wigmore et al.,
1980). Utilizing a recombinant SV40 virus carrying de-
fined sequences from the SV40 promoter, we have de-
termined that at moderately late times in the infection, 42
to 48 h postinfection, two regulatory domains, the en-
hancer and late domains, and four individual elements,
the early element, the AP-1 site, two tandem copies of
the SP1 site, and the AP-4 site are capable of causing
localized chromatin remodeling (Friez et al., 1999; Her-
mansen et al., 1996; Hermansen, 1999).
Since the SV40 chromosomes present in virions do not
possess a NFR (Hartmann and Scott, 1981, 1983; Kondo-
leon et al., 1983; Milavetz, 1986), while intracellular forms
of chromatin contain a NFR by the time that early tran-
scription begins (Cremisi, 1994), it is reasonable to ex-
pect that one or more of the sequences present in the
promoter might be responsible for the chromatin remod-
eling observed during the induction of early transcription.
In order to determine which sequences present in the
promoter were responsible for this induction, we ana-© 2002 Elsevier Science (USA)
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lyzed SV40 recombinants containing portions of the pro-170
moter for their ability to phase nucleosomes during the
first 6 h of infection. Because of the small amounts of
SV40 chromatin present at this time, we have assayed
chromatin structure using a restriction endonuclease
sensitivity assay in conjunction with polymerase chain
reaction (PCR) amplification of the products of restriction
endonuclease digestion.
RESULTS
Description of the combined restriction endonuclease
PCR assay for chromatin structure
Restriction endonuclease sensitivity has been used as
an assay for chromatin structure for a number of years
(Milavetz, 1986; Scott and Wigmore, 1978; Shelton et al.,
1980; Tack et al., 1981; Varshavsky et al., 1978; Wigmore
et al., 1980). The assay is based upon the idea that most
restriction endonucleases are only able to cleave their
target DNA sequence if that DNA sequence is not bound
by proteins (Tack et al., 1981). As long as the DNA
sequence being targeted is not a binding site for a
protein factor, its accessibility by a restriction endonu-
clease is a function of the positioning of any associated
nucleosomes. If the sequence lies on the nucleosome it
will be resistant to cleavage, while a sequence between
nucleosomes will be susceptible. Theoretically, approxi-
mately 35% of the DNA in chromatin will be cleaved by
any restriction endonuclease if the nucleosomes are
positioned randomly based upon the length of DNA
present in a nucleosome and between adjacent nucleo-
somes (Tack et al., 1981). This value has been experi-
mentally confirmed in a number of systems (Milavetz,
1986; Scott and Wigmore, 1978; Shelton et al., 1980; Tack
et al., 1981; Varshavsky et al., 1978; Wigmore et al., 1980).
We have previously used this assay in conjunction with
an SV40 chromatin “reporter” virus (Fig. 1), which we
designed to identify the sequences found in the SV40
regulatory region which were capable of phasing nucleo-
somes (Friez et al., 1999; Hermansen et al., 1996). The
SV40 reporter virus contains a polylinker of unique re-
striction endonuclease sites introduced at nucleotide
2666. Sequences to be analyzed were introduced at one
or both ends of the polylinker, and the effects of the
introduced sequences on the accessibility of the DNA in
the polylinker adjacent to the introduced sequences
were assessed by restriction endonuclease sensitivity
(Friez et al., 1999; Hermansen et al., 1996). Using this
assay with SV40 chromatin isolated at approximately
48 h postinfection, we identified four elements which
were capable of phasing nucleosomes; the early ele-
ment, the AP-1 site, two tandem copies of the SP1 site,
and the AP-4 site are capable of causing localized chro-
matin remodeling (Friez et al., 1999; Hermansen et al.,
1996; Hermansen, 1999).
Although the restriction endonuclease sensitivity as-
say has been very useful in studying chromatin structure,
it is not sufficiently sensitive to allow for the analysis of
SV40 chromatin during the very early times in infection
when the amount of chromatin is limited. We have com-
bined the standard restriction endonuclease assay with
competitive PCR to analyze the small amount of SV40
chromatin present during the first few hours of an infec-
tion. A schematic of the combined assay is shown in Fig.
2. SV40 chromatin was prepared for analysis by infecting
cells with a mixture of test virus containing the sequence
of interest inserted adjacent to the reporter of restriction
endonuclease sites being targeted and wild-type virus
lacking the sequence and reporter. The ratio of viruses
was empirically determined to give an approximate final
ratio of PCR products from undigested chromatin of 3 to
1, test to control. The mixture of chromatin was then
digested with either MluI or ApaLI or incubated without
enzyme. Following digestion, the DNA present in the
chromatin was purified, and the region containing the
reporter from the test chromatin and the corresponding
region from wild-type chromatin were amplified by com-
petitive PCR using primers which recognize these re-
gions. Because these two amplification products differ in
size, they can be separated easily by submerged aga-
rose gel electrophoresis, and the relative proportion of
each product can be quantified easily by densitometry.
The wild-type chromatin was included in this assay as an
internal control to correct for variations in sample recov-
ery and amplification efficiency. Since it would not be
affected by any of the restriction endonucleases used,
the amplification of DNA from the wild-type chromatin
should be dependent only upon how much DNA is re-
covered and the efficiency of amplification. In the ab-
sence of digestion of the test chromatin, the ratio of test
product to control product should be constant. Digestion
of the test chromatin will result in a reduction in this ratio
FIG. 1. A schematic representation of the parental SV40 reporter
virus. The SV40 reporter region has been expanded to show the
position of the relavant restriction endonuclease sites. The virus con-
tains a deletion of one copy of the enhancer and the T-antigen intron.
The sizes of various regions have not been drawn to scale.
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proportional to the extent of digestion because the di-
gested chromatin being cleaved within the region being
amplified will not yield an amplification product. By com-
paring the ratio of test product to control product without
digestion to the ratio following digestion and taking into
account the competitive nature of the amplification, it is
possible to calculate the percentage of the input test
chromatin which has been digested.
In order to confirm the underlying premise of the assay
that the ratio of PCR products is proportional to the ratio
of input DNAs, mixtures of DNA with defined ratios were
amplified and analyzed by submerged gel electrophore-
sis. For these preliminary studies the PCR amplifications
used a set of primers which amplified a region of the
promoter. In subsequent studies primers which amplified
a region of DNA encompassing the reporter were used.
Similar results were obtained with either set of primers.
As shown in Fig. 3, the ratio of PCR products obtained
was directly proportional to the ratio of DNA template
present in the amplification mixture. Moreover, the val-
ues calculated from the densitometric quantitations were
in close agreement with the expected values.
Analysis of SV40 chromosomes containing various
phasing sequences for restriction endonuclease
sensitivity at 20 h postinfection
Next, reporter constructs containing either the regula-
tory domains or previously identified phasing sequences
from the SV40 promoter were analyzed by combined
restriction endonuclease digestion and competitive PCR
assay at 20 h postinfection, and the resulting nuclease
sensitivities within the reporter were compared to the
values previously obtained using only the restriction en-
donuclease assay at 48 h postinfection (Friez et al., 1999;
Hermansen et al., 1996; Hermansen, 1999). At 20 h
postinfection, the SV40 chromosomes present in infected
cells would be expected to consist of a mixture of chro-
FIG. 2. A schematic representation of the combined restriction en-
donuclease digestion and competitive PCR amplification assay for
chromatin structure. The reporter region within the reporter chromo-
somes is indicated by the black area. The binding sites for the PCR
primers are indicated by the arrows. Digestion of the reporter chromo-
somes will typically yield two products, depending upon whether the
restriction endonuclease site being targeted is available within the
chromosome. The wild-type 776 lacks the restriction endonuclease site
and is not cleaved by the enzyme. Following PCR amplification, both
the uncleaved reporter and the wild-type 776 DNA will yield products
which differ in size by the length of the reporter and inserted test
sequence, while the cleaved reporter DNA will not yield a product
following amplification.
FIG. 3. A competitive PCR amplification of mixtures of wild-type SV40 DNA and varying proportions of intact and cleaved reporter DNA. PCR
reactions were prepared containing a standard amount of wild-type 776 DNA and a mixture of intact and cleaved parental reporter DNA pBM129 as
indicated. The parental reporter DNA was digested with BglI, which cleaves within the region to be amplified by PCR and prevents amplification. The
relative proportions of wild-type and reporter DNA used were determined experimentally. The products of the PCR amplification were separated by
submerged agarose gel electrophoresis. The positions of the wild-type 776 amplification product and reporter product are indicated.
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mosomes undergoing early transcription, replication,
and late transcription more or less functionally similar to
the mixture of chromosomes at later times. However, at
this earlier time we would expect there to be much less
SV40 chromatin present than at later times, so that the
PCR portion of the assay would likely be linear with
respect to the amplification of the competitive template
DNAs. This appeared to be the case, since amplification
of diluted samples of DNA consistently yielded similar
ratios of test to control PCR products (data not shown).
As shown in Table 1, the values obtained for the
various constructs using the combined assay generally
were in good agreement with the values for nuclease
sensitivity previously determined. The values in the table
represent the percentage of the input SV40 chromo-
somes cleaved at the particular restriction endonuclease
site in both assays. The only statistically significant dif-
ferences were seen at the ApaLI site in constructs con-
taining the early domain, enhancer, or early element,
where the sensitivity was greater at 20 h with the com-
bined assay than at 48 h using only the restriction en-
donuclease sensitivity assay. For the construct contain-
ing the early domain, the values were 45  7 compared
to 16  3; for the construct containing the enhancer, the
values were 42  7 compared to 23  7; and for the
construct containing the early element, the values were
53 9 compared to 27 8. Consistent with the previous
observations, the highest levels of nuclease sensitivity
were observed at the MluI site in the constructs contain-
ing either the AP-1 or the 2XSP1 sequence. These levels
of nuclease sensitivity, 63  6 and 56  6, respectively,
were significantly greater than the level obtained for the
construct containing the early domain, 40  6, which
appeared to posses little if any phasing capability using
either assay. Based upon the results with the assay at
48 h postinfection, values greater than 53% cleavage
were consistent with phasing and values below 40%
indicated no phasing ability by an inserted element.
These results demonstrated that the combined restric-
tion endonuclease PCR amplification assay was a very
useful tool to monitor changes in chromatin structure
when the amount of available chromatin was very small.
However, in our experience it was necessary to contin-
ually monitor the various parts of the assay in order to
ensure that it was functioning properly.
For example, reaction mixes containing all constitu-
ents except DNA polymerase and DNA were prepared in
0.4-ml batches and assayed immediately for amplifica-
tion in the presence and absence of template DNA.
Mixes which yielded products in the absence of added
template DNA or low levels of product with a standard
amount of template DNA were not used for subsequent
quantitative amplifications. Reactions mixes containing
DNA polymerase were prepared by the addition of a
sufficient quantity of the polymerase to the standard mix
immediately prior to its use so that all sample in a series
to be analyzed contained identical reaction mixes. We
found that this procedure significantly reduced the vari-
ability of amplification from tube to tube. DNA samples
were also analyzed following 10- to 20-fold dilution in order
to ensure that the amplification was in a linear range.
The restriction endonuclease digestion portion of the
assay was monitored by routinely adding exogenous
SV40 DNA to an aliquot of the SV40 chromatin being
studied and determining whether the exogenous DNA
was cleaved 100% by the digestion conditions used in
the assay. The extent of digestion of the added DNA was
determined by measuring the conversion of Forms I and
II to Form III. Since the amount of SV40 chromatin in the
sample was too small to be visualized directly by stain-
ing of the agarose gel, it did not interfere with visualiza-
tion of the extent of digestion of the added SV40 DNA.
We also tested each preparation for the presence of
intact virions by determining the relative amount of SV40
DNA present in the bottom fraction of the glycerol step
gradients used to purify the chromosomes. Any prepa-
rations which lacked DNA in this fraction were dis-
carded, since they presumably had undergone extensive
degradation during isolation of the chromatin.
Analysis of SV40 chromosomes containing various
phasing sequences for restriction endonuclease
sensitivity during the first 6 h of infection
If the SV40 chromosomes initially delivered to cells in
virions undergo remodeling during the first hours of in-
TABLE 1
Comparison of Restriction Endonuclease Sensitivity within the
Reporter at 20 and 48 h Postinfection in Constructs Containing
Potential Phasing Sequences
Inserted
sequence
Nucleotides
present in
insert
Nuclease sensitivity
20 h
postinfection
by combined
assay
48 h
postinfection
by standard
assay
MluI ApaLI MluI ApaLI
Early domain 5149–5232 40 6 45 7 31 6 16 3
Enhancer 103–178 41 8 42 7 49 6 23 7
Late domain 255–424 39 10 35 10 53 5 44 4
Early element 5164–5187 55 13 53 9 53 9 27 8
AP-1 114–124 63 6 39 4 59 7 44 6
2XSP1 40–59 56 6 42 10 61 6 44 4
AP-4 264–280 45 9 42 8 54 5 41 3
Note. Chromatin from infected cells was analyzed at 20 h postinfec-
tion using a combined restriction endonuclease and PCR assay. The
values of restriction endonuclease digestion for chromatin obtained
from cells at 48 h have been published previously (Friez et al., 1999;
Hermansen, et al., 1996; Hermansen, 1999). The nucleotide numbers of
the inserted DNA sequences are based upon the numbering of wild-
type 776 SV40 DNA.
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fection along with the induction of early transcription, it
would be reasonable to expect that the remodeling is
directed by one or more of the sequences present in the
SV40 promoter region. In order to determine which if any
of these promoter sequences were capable of directing
chromatin remodeling, chromosomes from recombinant
SV40 viruses containing regulatory sequences from the
promoter inserted into the chromatin reporter region
were analyzed at various times postinfection for restric-
tion endonuclease sensitivity. A sequence capable of
directing chromatin remodeling would be expected to
show a significant change in the nuclease sensitivity
conferred on the chromosomes at 3 to 6 h postinfection,
when early transcription begins, compared to the con-
ferred nuclease sensitivity at 30 min postinfection, when
the chromosomes first appear in the cell. Since an ele-
ment which did not function at the late times previously
used might function during these early times, the com-
plete early domain, enhancer, and late domain were also
analyzed in this study. The complete SV40 regulatory
region was not included in the present analysis because
of the large size and complexity of the region and be-
cause of the difficulties associated with correlating
changes in nucleosome phasing within the intact regu-
latory region with specific sequences using the highly
sensitive combined restriction endonuclease PCR assay.
Only three of the DNA sequences analyzed, the en-
hancer, the AP1 site in the enhancer, and the two tandem
copies of the SP-1 site showed a statistically significant
increase in conferred nuclease sensitivity at both restric-
tion endonuclease sites between 30 min and 3 h postin-
fection (Table 2). For the enhancer, the sensitivity went
from 39  10 at the MluI and 30  7 at the ApaLI sites
at 30 min postinfection to 63  10 and 56  5, respec-
tively, at 3 h postinfection. Similarly, for the AP1 site, the
sensitivity went from 41  6 and 33  6 to 63  10 and
61  9. In a construct containing the two tandem copies
of the SP-1 sites, the sensitivity increased from 26  8
and 22  7 to 51  11 and 51  8. All of the other
sequences tested, including the early domain, early ele-
ment, late domain, and AP4 site, showed no significant
change in conferred nuclease sensitivity at both sites.
There was, however, a somewhat higher than expected
nuclease sensitivity (approximately 10%) observed at the
MluI site for the early element, late domain, and AP4 site
throughout this period.
Although the enhancer, AP1, and SP-1 sites were ca-
pable of significantly increasing the nuclease sensitivity
within their respective chromosomes, none of the se-
quences was capable of remodeling 100% of the chro-
matin to be nuclease sensitive. These results suggested
that for each of the inserted sequences there are two
classes of SV40 chromosomes present in the cells at 3 h
postinfection. One class, consisting of approximately
60% of the total number of chromosomes which are
nuclease sensitive, either had nucleosomes phased ini-
tially with the linker region over the restriction endonu-
clease sites or had undergone remodeling. The other
class, which consisted of the rest of the chromosomes,
did not initially have a linker region associated with
either restriction endonuclease site and did not undergo
remodeling.
Since 3 h postinfection may not be sufficient time for
all the chromosomes to be remodeled, chromosomes
from cells infected for 6 h postinfection were also ana-
lyzed for nuclease sensitivity. As shown in Table 2, there
was no significant increase or decrease in the levels of
nuclease sensitivity conferred by the enhancer, the AP1
site, or the two tandem copies of the SP-1 site. Thus the
inability to remodel all of the chromosomes by any of the
sequences must reflect differences in the pools of chro-
mosomes present and not the amount of time available
for remodeling to occur.
Finally, the time course of remodeling was further
investigated by looking at the nuclease sensitivity at 1.5 h
postinfection. Because the construct containing the two
copies of the SP-1 site gave the greatest increase in
nuclease sensitivity, it was used in this analysis. At 1.5 h
postinfection in this construct the sensitivity at the MluI
site was 50 7 while at the ApaLI site the sensitivity was
41  9. These values are very similar to the values
obtained for chromosomes at 3 and 6 h postinfection and
suggest that the remodeling of chromatin is a relatively
rapid event occurring shortly after the chromosome is
generated by uncoating of a virion.
Analysis of virions and uncoating intermediates for
restriction endonuclease sensitivity
Although the simplest explanation for the change in
nuclease sensitivity observed from 30 min to 3 h in the
TABLE 2
Comparison of Nuclease Sensitivity of Constructs Containing
Potential Phasing Sequences within the First 6 H of Infection Using a
Combined Restriction Endonuclease Digestion and PCR Assay
Inserted
sequence
Nuclease sensitivity
30 min
postinfection
3 h
postinfection
6 h
postinfection
MluI ApaLI MluI ApaLI MluI ApaLI
Early domain 28 10 31 9 37 6 34 5 — —
Enhancer 39 10 30 7 63 10 56 5 65 13 61 9
Late domain 50 8 28 8 53 6 45 9 — —
Early element 48 8 40 8 46 7 43 8 — —
AP-1 41 6 34 9 61 7 60 8 55 3 51 7
2XSP1 23 8 24 9 50 10 51 8 62 6 58 7
AP-4 46 6 43 5 51 9 46 10 — —
Note. Chromatin was isolated at the indicated times and assayed by
the combined nuclease digestion–PCR assay.
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reporter in the constructs containing an enhancer, AP-1
site, or 2XSP1 site was that chromatin remodeling had
occurred as a consequence of the presence of the in-
serted DNA, this explanation was not the only possibility.
An alternative explanation was that different classes of
virions existed in the cell. One class which was disrupted
immediately upon infection contained chromatin without
any phasing of nucleosomes around the inserted se-
quences, while a second class which was disrupted
more slowly consisted of chromosomes with high levels
of phasing. In order to exclude this latter possibility,
chromosomes, virions, and uncoating intermediates from
a construct containing two tandem copies of the SP1 site
were analyzed for nuclease sensitivity at 6 h postinfec-
tion when phasing around the inserted two tandem cop-
ies of the SP1 site was maximal.
If all virions contained similar forms of SV40 chroma-
tin, one would expect that the uncoating intermediates at
6 h postinfection would show nuclease sensitivities
lower than those found in the chromosomes. In contrast,
if the virions uncoating at 6 h postinfection were highly
enriched for chromosomes with phased nucleosomes
around the reporter, one would expect that the uncoating
intermediates would show nuclease sensitivities identi-
cal to or higher than those of the chromosomes. In either
case the virions should show low levels of nuclease
sensitivities since, being intact, they should be relatively
resistant to nuclease digestion.
As shown in Table 3, the uncoating intermediates
posses nuclease sensitivities which are much lower
then those of the chromosomes present at this time and
more like the sensitivities obtained for chromosomes at
30 min postinfection. At the MluI site the sensitivity is
only 34  10 in the uncoating intermediates but 62  6
in the chromosomes. Similarly, at the ApaLI site the
sensitivity is 27  10 in the intermediates and 57  7 in
the chromosomes. By comparison, at 30 min postinfec-
tion the sensitivities were 26  8 and 22  7, respec-
tively (Table 2). As expected, the nuclease sensitivity in
the fraction containing virions was very low: 19 6 at the
MluI site and 11  5 at the ApaLI site. These results are
consistent with the hypothesis that all the virions contain
similar forms of SV40 chromatin and that the change in
nuclease sensitivity during the course of the infection is
a consequence of remodeling.
DISCUSSION
In this study we have combined restriction endonucle-
ase digestion to measure the accessibility of DNA in
chromatin with PCR amplification of the products of di-
gestion to show that chromatin remodeling in SV40 chro-
mosomes during the first few hours of infection is pri-
marily associated with the AP-1 and SP1 binding sites
derived from the promoter. Since the SV40 chromosomes
become activated for early transcription during this pe-
riod (Tooze, 1980), it seems reasonable to suggest that
one or both of the binding sites is/are likely responsible
for the chromatin remodeling associated with early tran-
scription. This observation is not surprising, since both
the AP-1 and SP1 elements are major components of the
SV40 early promoter (reviewed in Wildman, 1988). Dele-
tion of the SP1 elements causes essentially a total inac-
tivation of early transcription (Wildman, 1988). By exten-
sion it is also reasonable to suggest that the AP-4 site
and early element which have been previously shown to
function well at later times in the infection (Friez, et al.,
1999; Hermansen, et al., 1996) are most likely associated
with contributions to the chromatin structure associated
with late transcription. The AP-4 site has been shown to
be an integral part of the late promoter (Mermod et al.,
1988) and might be expected to function at later times in
infection. Relatively little is known about the role of the
early element in transcriptional control.
Chromatin remodeling during the early stages of in-
fection in order to generate the chromatin structures
required for the specific transcription of early genes may
be an event which is common to infections with a num-
ber of different viruses. Although it is somewhat prema-
ture to generalize from the small number of viruses the
chromatin structures of which have been investigated, it
is intriguing that AP-1 and SP1 elements are found in the
promoters of early genes in HPV 16 and 18 and HIV 1
(Stunkel and Bernard, 1999; VanLint et al., 1994). Whether
these elements play a role in these viruses similar to the
one they appear to play in SV40 remains to be deter-
mined.
Since the enhancer, AP-1 element, and SP1 element
were capable of remodeling chromatin in the SV40 chro-
mosomes well before DNA replication was initiated, they
must function by a mechanism which disrupts the nu-
cleosome phasing originally present in the chromo-
somes upon uncoating of the virus. This interpretation is
consistent with the observation that Jun/Fos and SP1, the
TABLE 3
Comparison of the Nuclease Sensitivities in SV40 Chromosomes,
Uncoating Intermediates, and Virions
Chromosomes
Uncoating
intermediates Virions
MluI ApaLI MluI ApaLI MluI ApaLI
62 6 57 7 34 10 27 10 19 6 11 5
Note. SV40 chromosomes from mixed infections with 776 and RH43
found in gradient fractions 4 and 5, uncoating intermediates in fraction
7, and virions in fraction 8 were digested with MluI and ApaLI and the
products analyzed by PCR. The positions of chromosomes, uncoating
intermediates, and virions are based upon the positions of chromo-
somes, encapsidating intermediates, and virions at later times in the
infection (Milavetz, 1986).
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protein factors binding to the AP-1 and SP1 elements,
respectively, are capable of binding to their DNA targets
even when the DNA is organized into chromatin, al-
though with less affinity (Li et al., 1994; Ng et al., 1997;
Utley et al., 1997). Since neither factor appears to abso-
lutely require naked DNA in order for productive binding
to occur, there is no apparent requirement for DNA rep-
lication. Based upon what is known about chromatin
remodeling and the structures of SV40 chromosomes
within virions and the nucleus of the cell, there are at
least three possible ways for remodeling to occur by
protein interactions at the AP-1 and SP1 elements.
The remodeling could result from the localization and
activation of the SWI/SNF chromatin remodeling com-
plex at the element (Carlson and Laurent, 1994; John and
Workman, 1998; Pazin and Kadonaga, 1997b; Peterson
and Tamkun, 1995; Workman and Kingston, 1998). SP1
has been shown to colocalize with SWI/SNF at its target
sequence on a nucleosome (Utley et al., 1997). Further-
more, SP1 but not AP-1 has been shown to disrupt
nucleosomes in vitro in an ATP-dependent manner con-
sistent with activation of SWI/SNF (Widlak et al., 1997).
These observations suggest that SP1 could potentially
localize the SWI/SNF complex to the SP1 DNA element
and activate it to disrupt any nucleosome present at this
site.
A second possible mechanism of disruption is the
localization and activation of the histone acetylase/
deacetylase enzymes at the element (Kuo and Allis, 1998;
Mizzen and Allis, 1988; Naar et al., 1998; Turner and
O’Neill, 1995; Wade et al., 1997; Utley et al., 1997). A
number of studies have shown that the SP1 element is
associated with the activation of histone acetylase and
that the SP1 factor interacts with histone acetylase and
histone deacetylase (Bai and Merchant, 2000; Doetzl-
hofer et al., 1999; Krumm et al., 1998; Naar et al., 1998;
Sowa et al., 1999a, b; Suzuki et al., 2000; Xiao et al., 1999,
2000). However, the interactions appear to be complex
and not necessarily always associated with localizing
the appropriate enzyme onto the DNA in a nucleosome.
The AP-1 element has been shown to be associated with
the activation of the histone acetylase portion of P300
(Andrew et al., 1995; Arias et al., 1994) and could con-
ceivably function by this mechanism also.
A third possible mechanism is based upon the obser-
vation that the SV40 chromatin within the virion is hyper-
acetylated relative to the chromosomes in the nucleus of
infected cells (LaBella and Vesco, 1980; LaBella et al.,
1979; Vesco and Fantuzzi, 1982). Presumably, when the
virion is uncoated the chromatin which is delivered to the
nucleus remains hyperacetylated, at least transiently.
Since hyperacetylated nucleosomes containing an AP-1
element have been shown to be efficiently bound by
Jun/Fos, resulting in the disruption of the nucleosome
structure (Ng et al., 1997), chromatin remodeling could
occur upon binding of the protein factor without requiring
the localization and activation of either of the above
well-characterized pathways. Which of these possible
mechanisms if any is actually responsible for the disrup-
tion of nucleosomes during this early period in the infec-
tion remains to be determined.
The slightly elevated levels of nuclease sensitivity ob-
served at the MluI site in the constructs containing an
early element, late domain, and AP-4 site throughout the
first 3 h of infection are most likely due to the presence
of a small fraction of SV40 virions which contain chro-
matin with nonrandom nucleosome phasing around this
restriction endonuclease site. Presumably the specific
phasing around these DNA sequences is a result of
chromatin remodeling, by the sequences at late times in
the infection, which has not been randomized by the
encapsidation process. The reason this residual phasing
is not normally seen in the SV40 promoter probably is a
consequence of the complex interplay of the multiple
phasing elements present in the promoter and the like-
lihood that the SP1 element which serves as the nucle-
ation site for the initiation of encapsidation (Gordon-
Shaag et al., 1998) may contribute significantly to the
randomization of nucleosomes in this region of the ge-
nome. The use of the SP1 element as a nucleation site
for encapsidation might also explain the relatively low
levels of nuclease sensitivity seen in the construct con-
taining two copies of the SP1 element at 30 min postin-
fection if the binding of the capsid proteins and SP1
complex to its binding site is relatively more resistant to
disruption than the binding to chromatin of the rest of the
capsid proteins.
MATERIALS AND METHODS
Cells and viruses
SV40 virus and chromatin were prepared in the BSC-1
cell line of monkey kidney cells (ATCC). The 776 SV40
wild-type virus was a gift from Dr. Daniel Nathans. The
preparations of the recombinant viruses which contain
potential phasing sequences have been previously de-
scribed (Friez et al., 1999; Hermansen et al., 1996; Her-
mansen, 1999). The recombinants consisted of a test
sequence derived from the SV40 promoter introduced
into a polylinker of unique restriction endonuclease sites
located at nt 2666 in the 776 SV40 virus lacking a single
copy of the enhancer and the T-antigen intron (Her-
mansen et al., 1996). The structure of the parental recom-
binant is shown in Fig. 1. Viruses were prepared by
propagation at low multiplicities of infection. Following
cell death, medium containing virus was frozen and
thawed to free virus and clarified by spinning at 3000
RPM for 30 min at 4°C in a Beckman J6-MI. Immediately
before use virus was further clarified by centrifugation at
10,000 RPM for 10 min in an Eppendorf model 5415 C
microcentrifuge.
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Cell culture and infections
BSC-1 cells were maintained at 37°C in a 5% CO2
atmosphere in minimal essential medium containing 10%
fetal calf serum, gentamycin, glutamine, and sodium bi-
carbonate (GIBCO). Cells were passaged upon reaching
confluence as previously described (Hermansen et al.,
1996). Cells were infected with a mixture of test virus
containing an inserted putative phasing sequence and
the 776 wild-type virus at approximately 10 pfu per cell.
The relative amounts of test virus and wild-type virus
which were added were empirically determined for each
combination of viruses so that PCR amplification of the
resulting mixture of SV40 chromosomes obtained from
infected cells would consist of approximately 70% prod-
uct from the test virus chromosomes and 30% product
from the wild-type chromosomes. The appropriate mix-
ture of viruses was added to the cell culture medium
covering confluent monolayers of cells, and the virus
was allowed to adsorb onto the cells for 30 min at 37°C
in an incubator. SV40 chromosomes were harvested im-
mediately or unbound virus was removed by pouring off
the culture medium and washing the cells twice with 30
ml of culture medium lacking fetal calf serum and gen-
tamycin. A further 30 ml of fresh medium was added and
the cells were incubated for the desired period of time,
for a total of 1.5 to 20 h.
Preparation of SV40 chromatin
SV40 chromatin was harvested from infected cells and
purified by glycerol gradient centrifugation as previously
described (Friez et al., 1999; Hermansen et al., 1996).
Gradient fractions four and five, which contained SV40
chromosomes, were combined for subsequent analysis.
Where indicated, gradient fractions seven and eight,
which contained uncoating intermediates and intact viri-
ons, were also saved for analysis.
Analysis of restriction endonuclease sensitivity
Aliquots (126 l) from designated glycerol gradient
fractions were adjusted to reaction conditions with 1/10
volume of buffer A [100 mM Tris–HCl (pH 7.5), 100 mM
MgCl2, 10 mM dithiothreitol, 10 g bovine serum albumin
per milliliter), mixed, and divided into three fractions of 48
l each for analysis. One fraction was treated with sat-
urating amounts of ApaLI (10,000 U/ml), a second frac-
tion was treated with saturating amounts of MluI (10,000
U/ml), and a third fraction was left untreated. Both re-
striction endonucleases were obtained from New En-
gland Biolabs. All three fractions were incubated at 37°C
for 30 min. Following digestion, the DNA originally
present in SV40 chromatin in each fraction was purified
by diluting each fraction with 150 l of T10E [10 mM
Tris–HCl (pH7.5) and 1 mM EDTA] and extracting with 125
l of phenol-chloroform (Sambrook et al., 1989). The
purified DNA was transferred to a PCR tube (Perkin–
Elmer GeneAmp), precipitated in the presence of Pellet
Paint Co-precipitant (Novagen) by ethanol precipitation
according to the manufacturer’s protocol, and dried in a
vacuum.
PCR amplifications
DNA was amplified using Vent (exo) DNA polymerase
(New England Biolabs) in a Perkin–Elmer Model 380
thermal cycler. For each set of amplifications a master
mix was prepared according to the manufacturer’s pro-
tocol which contained the primers 5AAAATGAAGATG-
GTGGGGAGAAGAACATG3 and 5GACTCGAGGTGAA-
ATTTGTGATGCTATTGC3 for amplification of the reporter
region or 5GAAGATCTCGAGCACAAAAAGGCG3 and
5GAGGATCCCGGGTAAAACTTTATCCATC3 for amplifi-
cation of the promoter region (used in preliminary stud-
ies) and 0.6 U of enzyme per amplification. An aliquot of
the master mix (35 l) was added to each tube contain-
ing purified digested DNA, the DNA was dissolved in the
mix, and two drops of molecular biology-grade mineral
oil (Sigma) was added to each tube. The tubes were hot
started by heating at 95°C for 2 min and 30 s, and then
the DNA was allowed to amplify for 30 cycles. Each cycle
consisted of annealing the primers at 56°C for 1 min
followed by DNA synthesis at 72°C for 1 min and dena-
turation at 95°C for 1 min. When the PCR reaction was
complete, the products were separated on a submerged
2.4% agarose gel (Sigma) by electrophoresis. The prod-
ucts were visualized by ethidium bromide staining and
photographed electronically using a UVP GDS8000 Gel
Documentation System (Ultra Violet Products). The ratio
of control DNA product to test DNA product was deter-
mined by quantitation of the photographs using Molec-
ular Analyst software (Bio-Rad) and correcting for the
competitive PCR amplification. All samples were normal-
ized and corrected for the extent of amplification accord-
ing to the following equation: the percentage of chroma-
tin cleaved by an enzyme equals 100% minus the square
root of the ratio of the test-to-control DNA in the uncut
sample divided by the ratio of the test-to-control DNA in
the digested sample. All results are based upon a min-
imum of eight separate analyses using at least three
independent isolations of SV40 chromatin for each con-
struct and time point.
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